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Preliiinary Study of Propalsion Systeis and Airplane Wing 
Paraaeters for a O.S. Wavy Subsouic V/STOL Aircraft 

by C.L. Zola, L.H. Fishbach, and J.L. Allen 

Lewis Besearch Center 


SUMMABf 

Performance is evaluated for two V/STOL propulsion concepts 
in a common aircraft configuration. One propulsion system 
consists of cross- coupled turboshaft engines driving 
variable- pitch fans. The other system is a gas- coupled 
combination of turbojet gas generators and tip- turbine 
fixed pitch fans. The systems are evaluated primarily for 
endurance at low altitude, low speed loiter with equal 
takeoff fuel loads. Effects of propulsion system sizing, 
bypass ratio, and aircraft wing planform parameters are 
investigated and compared. Results show reasons for 
preferring low bypass ratio in either gas- or shaft- driven 
propulsion systems. Shaft- driven propulsion systems appear 
to result in better overall performance, although at higher 
installed weight, than gas systems. At gross weights and 
wingspans of interest for the aircraft, low wing areas 
appear preferable. Increased wingspan appears desirable, but 
may exceed practical limits for the type of aircraft 
studied. 


INTRDDOCTION 

This study presents preliminary results of an evaluation of 
propulsion systems for a subsonic V/STOL type of O.S. Navy 
aircraft intended to operate from small ship facilities. 
Projected use of the aircraft emphasizes V/STOL capability 
along with long endurance, making the choice of propulsion 
system critical in terms of performance and weight. 

The background of this study lies in original proposals for 
such V/STOL aircraft made by The Boeing Company and 
McDonnell Douglas Aircraft (references 1 and 2 ). The Boeing 
airplane used a propulsion system, proposed by Detroit- 
Diesel Allison (DDA) , consisting of cross- coupled 
turboshaft engines driving variable- pitch fans. The 
McDonnell proposed airplane was to be powered by a neneral 
Electric (GE ) propulsion system which is a gas- coupled 
combination of turbojet gas generators and tip- turbine 
fixed- pitch fans. These studies were complete preliminary 
designs which included airplane aerodynamics, aircraft 
weight schedules, and propulsion system weight breakdowns. 
The propulsion system bypass ratios, component efficiencies. 
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and op«^ratin 9 characteristics were outlined and specified. 
Thus, conparisons of the two propulsion systees, such as 
reference 3, were based only on these particular proposals. 

The purpose of this study is to conpare perforeance for the 
two basically different V/5T0L propulsion systeas over a 
wide ran-je of bypass ratios and systes sizes. Propulsion 
systes variations are to be derivatives of the basic systess 
described in references 1 and 2. In this study, to allow 
greater tocus on the propulsion systes conparisons, the two 
systems are installed in a connon aircraft configuration 
with egual fuel load. A brief examination is also made of 
the effect of aircraft wing area and wingspan. Other topics 
such as life cycle costs, reliability, maintainability, and 
vulnerability are also important but are not considered 
here. 

The discussion and study results are presented in four main 
parts. The first part covers cycle performance and weight of 
the shaft- coupled and gas- coupled systems at different 
bypass ratios. This part of the study makes use of the NNFP 
and WATE-1 engine cycle and engine weight computer codes 
described in references U and 5. The next part of the study 
evaluates and compares the performance of the baseline 
propulsion systems on a baseline aircraft. For the same 
baseline aircraft, the third part of the results shows the 
effect on performance of propulsion system size, bypass 
ratio, and mission constraints. The final part of the 
results investigates ♦■he combined effects of the aircraft 
wing area and span, mission requirements, and propulsion 
system bypass ratio on selecting the total system. 


ANALYSIS AND PPOCEDDPE 
Aircraft Configurations 

For comparability, the gas- and shaft- driven propulsion 
systems are assumed installed in similar aircraft with equal 
mission objectives. The nominal configuration shown in 
figure 1 is a medium- gross- weight, low- wing aircraft 
with three high- airflow fans and two gas generators or 
turboshaft cores installed as the propulsion system. The 
shaft- driven aircraft in figure 1(a), and the gas- driven 
aircraft in figure 1 (b) have one fan installed in the nose 
section of the fuselage -which is remotely driven for V/STOL 
maneuvers, but is inoperative during cruise. The remaining 
two fans are located on or near the fuselage, aft of the 
wing leading edge. The cores are in the nacelles, as in the 
shaft system, or are located in the fuselage, as in the 
gas-driven system of fiiure 1(b). 
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The two aircraft are asiiumei, much as possible, to have 
comBon design features in the wings, tail section, and 
fuselage. Specific differences in configuration are intended 
to provide a more suitable match fv^r each propulsion system. 
Hence, in this study, the shaft- coupled system uses holy- 
mounted tilting nacelles aft of the wing whereas the gas- 
coupled systf-3 has ovar-tho- win ; partially-blended fixed 
nacelles with lobster- tail type deflecting nozzles. 

Tne shaft- Jr: ven aircraft in part (a) of figure 1 shows the 
cross- shafts i tilting nacelles containing the turboshaft 
cores and reared, variable pitch fans. The necessary 
combiner-Dox/- ransmission with forward shafting to the nose 
fan is also snown. Thj ^as- driven aircraft shown in figure 
1(b) illustrates tne acsuraei placement of tne gas generator 
cores, their inlets, and necessary ducting. The lift/ cruise 
nacelles containing the tip- turt ine fans are shown cross- 
ducted through the fuselage. 

An airframe weight model is used in this study which 
reflects the higher internal fuselage requirements of the 
gas- driven system suggasted by the schematic. On the other 
hand, wing weight for a given span is lower in the gas 
aircraft than the shaft aircraft due to structural support 
given by the partially blended nacelles. 


"Mission Definition 

The baseline mission is shown schematically in figure 2. 
This mission is not intended to correspond to any specific 
military reqairement hut rather has been set up as a 
reasonable framework for system performance comparisons in 
the present study. In the following performance evaluations, 
segment (A) , takeoff, is jit-her vertical (V'»’0) or short 
takeoff (fiTO) . The ground rule used in the present study 
s{.ecities that a vertical takeoff is onlv possible when the 
ratio of vertical thrust to airplane gross weight equals or 
exceeds 1.08 , This value allows for a 3 or 4 percent thrust 
loss due to suckdown effects at VTO initiation. The 
alternative takeoff mode, 3TO, is assumed possible as long 
as the thrust to weight ratio is 0.80 or greater. As noted 
in the figure, both 8T-5 and VTO are assumed to require 2.5 
minutes at maximum power. 

operatina radius, defined as the distance from takeoff to 
the loiter area, is 150 n.mi. in the baseline mission. For 
conservative purposes, no distance credit is given foi climb 
to cruise, descent to loiter, or climb to return cruise. 
Hence the outbound and return cruise distances are equal to 
the operating radius. Each cruise leg allows selection of 
the best cruise altitude and velocity (BCAV) to minimize 
fuel usage on that leg but in all cases, the loiter altitude 
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is 10 000 Loiter .'iach number is ootiraizei to yieli 
maximum time on station (r03) at the loiter altitude. 
However, in any case, loiter Mach number is restricted to 
lie between 0.30 and 0.50 . 

The baseline mission emphasizes endurance at the loiter 
conditions of low altitude and >*ach number. Hence, for 
centrist, an alternate "all cruise” mission is noted at the 
bottom of fiijure 2. The purpose of this mission is to place 
more emphasis on sustained cruise canability by evaluatina 
the maxiinu n operatinq ra iius (?MAX) of a jiven aircraft when 
no low altitude loiter is repaired. This mission will be 
used later in this stuly to evaluate the alternate mission 
role of aircraft designed to meet the specific objectives of 
the primary low altitude loiter mission. In addition, 
rejardiess or the mission, i possible one-enqine-out (OSn) 
eiuerqency situation must also be satisfiei in that the 
aircrate must land vertically with a thrust/ weight of at 
least 1.03 with the three fans powered by the one remaining 
core engine. The impact ot r.his eirergency vertical landinu 
(EVL) requirement will be iiscussed later. 


Aerodynamics 


For both gas and siiaft propulsion systems, the present study 
c.ssumes that aerodynamic draa characterist ics of ^ he ueneral 
aircraft conticurat ion oi figure 1 are the same. Sxamules of 
the total drag coef f icien+: , Cp , as a finction of lift 
coefficient, C|^ , and flight Mach pumber ar» shown in figure 
3. As not;d in the firure, the aircraft for this example 
has a bcl/ fineness ratio of 5 and a wing planform v/i^h 
aspect ra+"io ( A*. ) of h , taper ratio of O."*!, and a mean 
tnickness/ chord of 0.18 . In this fijure the baselipp 
aircraft has a zero- lift drag coefficient ( ^.035 . 
It is assumed that ex^.orn il stores are already mounted on 
the aircraft, contributing a drag coefficient increment of 
about 0.0030 . Th= curves in the figure are based on the 
drag relation 


Cn =C 


Do 


nr e Pd. 


where the Oswald efficitney, € , ot the wing planform is a 
function of both Ci_ and Mach number. The effect of 
produces a sharp drag rise at .Mach numbers above 0.7 and 
alters the parabolic nature of the Cp versus curves at 
Cj__ values above 0. 3 . 


Engine Calculations 

Propulsion system variations for the present study are 
a.ssumed to he derivative.s using, as a baseline, the cores, 
fans, and other parts of the gas and shaft systems proposed 
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ir. referencto 1 and 2. To siEUlate the two baseline 
propulsion systems (an aivanced DDA T701 with Ham. S+-1. Fan 
for the shaft system and advanced (?F J97 with LFU59 Fan for 
the gas system - both ’inscaled) , it was necessary to have 
component performance maps. These were obtained from the 
appropriate companv { DPA or GE ) and incorporated into the 
NNRP computer coie (ref. 4) to calculate the engine 
performance. The computer simulation was matched to baseline 
^noine performance supplie 1 by GE and DDA for the gas and 
Shaft systems, respectively. The cycle simulations adhered 
to ccnponent limits, such as on speeds and temperatures, 
imposed by th-^ manufacturers. The optimization capability 
of NNEP was also emnloved to aliust fan pitch setting and 
bypass nozzle area for the shaft system and nozzle area for 
fhe gas system to maximize vertical thrust ratings or to 
minimize SFC at part-power operation. Engine component 
weights were also calculated using the computer code 
(ref. H) for ] -iter inclusior, in estimates of the weights of 
the installed propulsion systems. These system weigh'^s will 
to discussed later. 

The shaft system »as modeled to have a water injector 
between tne fan and the advanced T701. When water was used, 
an amount equal to that required to saturate the airflow at 
the compressor face was assumed in calculating basic engine 
performance. For conservatism, liter mission studies for the 
shaft system assumed less thrust augmentation f^r water 
injection, corresponding to PO percent of the saturation 
water flow rate. For th-> gas system, 4 percent water 
injection before the combustor was used in calculating the 
performance data base. Later mission studies indicated that 
b percent water was required. 

In the present study, the term water injection actually 
refers to water-alcohol mixtures to avoid freezing. Water 
injection thrust ammentation is often considered 
objectionable on the basin of adverse effects on engine 
operation such as vibration and material problems. However, 
the use of wate-r injection as applied here is restricted to 
emergency conditions, making the question of reduced engine 
life academic. 

Tropical day (std. <-31®F) sea level static performance for 2 
fans on (i.e. driven by' 2 cores, 3 fan- 2 core, and 3 fan- 
1 core modes with and withou-'- water injection are shown in 
TdDles I thru V tor th»^ shaft and gas systems at different 
nominal bypass ratios (3PP). Each system has a baseline or 
originally sugjested BPP in references 1 and 2. The gas 
system was proposed at a BPR of 8.02 and the shaft system at 
12.2 . 

Table I shows thermodynamic cycle data for the gas and shaft 
systems in thf> 2 fan- 2 core cruise configuration where no 
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{ower is supplitd to thf^ nose fan. Fan size (airflow) is 
vari-ii to reflect different BPB while the core sizes are 
held constant by keeping the core corrected airflow, 
a constant in each systea. Bypass ratios of 6.0, 
P.Od (baseline) , 13.0, an! 12,0 ar<; shown for the qas 

system. In the last thre® rolurns of Table I, the shaft 

system data is listed for bPH of P.o, 1^.0, and the baseline 
value of 12.2 . Similar iata is given in Tables n and ITT 

for notiT'il vertical (3-on- 2) of'eration, and in Tables TV 

and y tor the emergency thrust (3-on- 1) mode. The nose, or 
thiri, tan at each system iiP’’ is assume! the same ^ize as 
the lift/cruise fans. The data of '^able III for water 

inife-ction during normal VT3 (3-on- 2) is not used in the 

present study but is incluled for general interest and to 
indicate the thrust augmentation possibilities of water 
injection in +:his mode. 

In generating the data of Tables I thru V for the gas 
system, combustor exit temperature (CET) is limited to 
27 00®F I or both 2-on- 2 and 3-on- 2 operation. \ CF'*' limit 
of 2875**!' is allowed in the emerjency (3 fan- 1 core) mode 

of Tables IV and V. Compressor relative speed ) is 

limittf'd to less than 13 1.4 percent in 3- on- 2 operation 
an! to less than 105 percent luring emergency operation, as 
seen in Tables III and V. 

For tne shaft system, PET is restrictel to 2880®p or less 
for 2-on- 2 operation, 330O*n for 3-on- 2, and 3200“p for 
the 3 fan- 1 core mode. Ouch I'igher CET limits tor the 
shaft system relative to the qas system are, for the most 
part, due to temperature limits of the duc<- material of the 
jas system, which must carry hot gas to other marts of the 
airplane. Some dif t ererices in technology level assumed hv 
CE and DD.\ may also exist, but th^sf are l-.eyond the scope of 
this study. CompLessor relative speel is limittei to 1 <35 
percent in 2 tan- 2 core or ’-on- 2 operation and IP percent 
overspeo-l is allowed in the emerg-ncy mode. The a parol fan 
in the shaft system is allowed no more than 13 r<ercent 
overspeed, occuring most often in cruise mode, as saer. in 
Table T. The variable pi*-nh angle (0) of the tan is 
limit ft (1 to -t to +5 de irees. 

As seen in Tanle I, the jas system produces 5000 to booo lb. 
more thrust than the shaft system at equal bypass radios in 
the 2-on- 2 mole. However, in the normal VTn 3-on- 2 mode of 
Table II, the thrust advantage of the gas system is much 
smaller. This relative improvePient of the shaft system 
thrust is principally due to the increase of allowable CF'’’ 
to 3000®P, In the emergency 3-on- 1 mole of Tables IV and V 
the shaft system thrust exceeds that of the qas system in 
both dry and water injected operation by 6 to 12 percent. 
As can be seen in the Tanias, the shaft system benefits in 
this mode from a combination of higher allowed CET and core 
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overspefed, ar.d variable fan pitcn. 
core spefad optinup.s are at or near 
the water injected cycle lata of 
should be jiven to the operating 


*;ote that fan pitch and 
their allowable liaits in 
Table V. Special note 
far pressure ratios (FPP) 


of both systeas in the 3-on- 1 eaerqency aode of Tables tv 
and V, Dati for FPF, especially at hiqher BPR, are given as 
1.13 or less. Such low values of PPF expose the systems to 
high thrust- loss sensitivity. 


other tables (not shown nere) were generated tor 2 fan- 
2 core cruise operation of each systea at 3ach 3PP. These 
tables contain cruise thrust and specific fuel consuaption 
(SFC) tor full an i part- power operation for a range of 
flight altitudes ana subsonic Mach nuabers. The cruise 
data, along with the vertical thrust data of Tables I thru V 
were used in evaluatinj tne Derforaance of the propulsion 
systems in a computerized flight model of the mission. 


Figure 4 shows typical thrust and SFC curves for the gas and 
shaft sys-'-ems 0 {>eratin 7 in the 2 fan- 2 core cruise mode. 
Examples are jiven for two flight conditions; loiter at an 
altitude of inooo ft. and cruise at 36000 ft. For comparison 
purposes, the data for each system is shown at a PPP of ^ 
and the propulsion systc-m sizes are scaled for e}ual thrust 
(35OO0 ib.) in the normal VTO mode (3 fan- 2 core) of Table 
II. If the systems were compared in figure 4 at a 3PF of 12 
instead ot a the general levels of HFC woul 1 be slightly 
lower, bu^ the relative .differences would still aoply. 


As seen ir. the figure, the major difference in 5FC for the 
two systems is at the loiter condition. The shaft sys-'*ei has 
a 3 to 3 percent lower SFC tlian *ne gas system over a wide 
range of thrust level. Maxinura thrust for each system at 
cruise and loiter is identified in figure 4 by a circle 
symbol. Tne high leval of installed thrust reguiiel for 
these v/STOL aircraft r^^ult in extremely low- power 
operation, relativa to the maximum thrust available, during 
loiter. 


At the typical cruise altitude, the maximum thrust of each 
system is noticeably lower than at the loiter condition. 
However, typical cruise thrust requirements still result in 
part- power operation. The cruise .3FC uf the gas and shaft 
systems are comparable in the required thrust range and 
signif igantly lower than the loiter values. 

For typical levels of required loiter thrust, the SFC of the 
shaft system is 8 percent lower than that of the gas system. 
The better fuel economy of the shaft system is probably due 
to nigher component efficiencies and the optimization of fan 
pitch angle at part- power points. This perfermance 
advantage for the shaft system .ippears in the comparisons 
made throughout this study. 
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Propulsion systee Height 


hs »entioned earlier# cooDonent weights of the engine cycles 
covered by Table I for both jas and shaft systeas were also 
estiaatfcd with the connuter codf of reference 5. These 
roaponent weights were added to sisiple models of other parts 
of the propulsion systaa Installations such as nacelles, 
transmissions, shafting, and ductf to result in a total 
installed weight for th^ jas and shaft systems. Figure *1 
shows the installed weijhts of each prooulsion system as 
relative core size factor (CSF) and nominal bypass ratio 
vary. For the range of variables in this figure, system 
weights appear to have a very linear behavior. 

For simplicity, in the present study, the propulsion syste'" 
weights of figure 5 have been fitted with the following 
relations: 

W = 185'^ + 4830*CSF + 230*BPE*CSF (SHAFT) 

H = 1700 * 3370*3SF t 3q0*BPF*CSF (GAS) 

Core size factor (CSF) is a measure of the corrected airflow 
of the turboshaft or gas generator core relative to the core 
size used in the reference engine data of Table I . note 
that CSF is a factor on corrected airflow, hence physical 
size, of each core. Physical airflow the shaft system 
core cnanges with PPP, lue to changing pressure ra+io of the 
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However, for comparison purposes in this study, the design 
fuel loads have been ma le e |ual. The present study uses an 
airframe weight molel sensitive to wing planform, fuselage 
size, and propulsion system size. The weight model is 
calibrated by the weights shown here and by the earlier 
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reterences. Th»:»-.e weights should be considered as only 
representative since they are subject to refinesent as sore 
detailed structure and cosponent studies are aade. 

Table VI divides the aircraft veiqht into three lajor 
groups; Airfrase, Propulsion, and other Systeas. The 
Airtrase uei<jht consists of wing, tail, fuselage, landing 
gear, and a part of .he weight associate! with installation 
of the propulsion systep. The Propulsion weight group is 
assused here to include the sajor part of the nacelle and 
insta 1 la ti on- related weight. This grouping is to allow for 
studies of other fan and core sizes with attendant changes 
in in^jtalled weight. The Table shows the weight of the 
baseline shaft systea as heavier than the baseline gas 
cystea. Note that the crew and eguipnent weight is included 
in the scnedule at the outset. This allows the sub of the 
three aa -jor weight groups, along with expendable payload, to 
lip terned as unfueltd takeoff weight (i''>’OW) . Takeoff gross 
veight (TO;W) tor any aission is then sinply ♦•he sub of flTOW 
and the takeoff fuel load. Any water carried for possible 
.aneuvers with water injection is corsidered charqable to 
the fuel load. 

The emergency landing weight (ELW) of the aircraft is 
assuaed to consist of the HTOH, minus the payload, plus an 
800 pound allowance for emergency landing fuel and water. 
Smer jency Ian ling weights are shewn here as 2J810 lb. for 
the shaft-driven aircraft and 2225C lb. for the gas 
aircraft. Since the largest part of the ELW is UTOW, this 
value, along with the OET thrust of the propulsion system, 
determines whether the aircraft can safely land in an 
emergency. 

Table VII summarizes the vertical thrust capabilities, 
including OEO emergency landing, of the systems presen-t-ed in 
Tditles I thru V. If a thrust/ weight of 1.0J is assumed to 
allow for a safa LVL, it can be seen that the baseline 
(BPR-12.2) shaft system, without water injection, could 
safely land the baseline shaft aircraft of Table VI with one 
core engine out (OEO) . In this case the shaft-driven 
aircraft could perform the EVL with a thrust/ weight of 
2038S/23810 or 1-Obb. Th? water injected cases for the 
shaft systems shown in Table V assume that 100 percent 
saturation is achieved at the compressor face. These thrust 
values are repeated in Table VII for the shaft system during 
OEO emergency. For consorvatism, however, i^- is assumed in 
this study that if water injection is used only 80 percent 
of saturation is achievable. The corresponding thrust of 
27040 lb. is also shown in Table VII for the baseline BPP 
of 12.2. In this case, the thrust/ weight of the baseline 
shaft aircraft in "wet" EVL is 1.1 J5 . 

Data for the gas-driven system shown in Table VII at the 
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baselin** noninal BPP of 8.02 points to the fact that the 
baseline aircraft in Table VI cannot safely land during SVL 
without water injection. The OEO eaergency wet ratings for 
the gas systees shown in Tabls V are based on 4 percent 
coebustor water injection. Table VII, however, shows that 4 
percent water injection at the baseline EPR of 8.02 is still 
too low in ceergency thrust, giving a value of 22026 lb., 
which is lower than the ELw of the baseline aircraft of 
22/50 lb. Hence, in the present study water injection is 
assuaed used during EVL by all gas-driven systees at a rate 
of 6 percent. This water rate aay not be needed in soae of 
the higher- than-baseline values of BPB, but only requires 
the carrying of less than 140 extra pounds of water. In 
this case the baseline gas propulsion systea, at a ^ percent 
water rate, in the baseline aircraft of Table VI is capable 
of EVL with a thrust / weight of 22P16/22250 or 1.03 . 


Baseline 3yste» Endurance 

Figure 6 shows tha variation of Time On Station (TOS) as 
fuel load (hence TOGW) is changed for both the baseline 
shaft and gas-driven aircraft. Water injection is not used 
tor taxeoft tarust augaentation but is assumel to be carried 
for one-enqine-out emergency vertical landing (EVL). The 
radius of action for all cases in this fiaura is 150 n.mi. 
The mission in figure ^ is the baseline mission of figure 2 
where TOS is evaluated for loiter at a fixed low altitude of 
10000 ft. with optimizai loiter Mach numh*=‘r. The values of 
TOS shown include the effects of a percent SFC legraiation 
penalty assumed for each propulsion system. Figure 6 is 
based on the baseline aircraft and propulsion system weight 
schedules of Table VI. Increased takeoff fuel load in both 
aircraft increases the ros and TOGV until tho maximum design 
value cf internal fuel load of 15000 lb. is reached , with 
(JTOW constant for both aircraft. 

The takeoff fuel load is greater than the mission fuel 
actually used, since in every case 5 percent of th» takeoff" 
fuex must be. held in reserve. The variation of TOS with TOGW 
is not linear because increased loiter time and, hence, fuel 
requirement tend to increase the fuel needad on the outbound 
climb and cruise legs of the mission. A vertical line is 
shown at a TOGW of 32540 lb. for the shaft airplane and a 
TOGW of 30830 lb. tor the gas-driven airplane. These are the 
maxinum allowable TOGW for vertical +akeoff at a thrust to 
weight ratio of 1.0P or greater. Each value of maximum TOGW 
for VTO is derived from the dry VTO (3 fans on 2 cores) 
thrust listed in Tables II and VII for each baseline 
propulsion system. Takeoff at higher TOGW must be assumed to 
be a STO maneuver with varying takeoff distance. Mote that, 
as shown in figure 2, both VTO and OTO takeoff fuel are 
assessed the same (2.5 minutes at full power). For either 
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the gas or shaft systess, saxisus VTO fuel load is far less 
than the lasign fuel loal and depends on the VTO thrust. For 
the baseline shaft systee BPF of 12.2, VTO thrust is 35142 
lb. and the saxiius VTO fuel load is 6380 lb. The resulting 
Tos for the baseline 150 n. «i. mission is 72 einutes. The 
baseline gas propulsion systee, at a BPP of 3.02, has a VTO 
thrust of 33294 lb. anl, her.ce, a lower allowable TOGW which 
lieits VTO fuel to 5230 Id. . Lower takeoff fuel and 
slightly higner fuel consunptlon rate combine to nive the 
gas systen a TOS of 56 einutes, or 15 sinutes less than the 
capahilitv of the baseline shaft-driven systes. 

At the STO point on tach curve with eaxisuii internal fuel of 
15000 lb., it is noted that the Togw of the shaft aircraft 
is higher than that of the gas aircraft (U1150 versus 39600 
lb.). These differences in TOOW are sostly due to 
differences in UTOW <"aused by the heavier propulsion system 
installation of the sh-i f t-dri ven system. Vevertheless, the 
better fuel economy of the shaft system results in a maximum 
STO-TOS ot 220 minute*;. The gas system has a maximum FTO-TOS 
of 204 minutes at the same maximum fuel condition. 

Note also, as mentioned earlier, the baseline gas aircraft 
with its baseline propulsion system is lust marginally 
capable ot an emergency vertical landing (EVL) if 6 percent 
water injection is assumed. The shaft aircraft, however, is 
capable of EVL without water infection and, in fact, exceeds 
this requirt.ment. 


Effect ot Fan and Core Size 

The preceding recticn comnaie.d the gas and shaft systems in 
a common airplane. However, the engine sizes ani BPP were 
held to t.heir baseiin=>, unequal values. Such comparisons, 
therefore, shed little lijht on the individual or relative 
merits of the two p’ropulsion systems. This section expands 
on the previous one b" examining the effect of engine size 
and 3PE while keeping ^-h^ sy.stpms in a common aivplane. 

Tne gas and shaft baseline systems have certain nominal 
values of sea- level corrected airflow for the fans and 
cores. These values were seen in Table I under the baseline 
nominal propulsion system bypass ratios of H.02 for the gas 
system and 12.2 for the shaft system. Effects of fan and 
core size variations relative to the base-line propulsion 
systems are examined in figures 7 ana R by using a fan size 
factor (FSF) and core size factor (CSF) to express corrected 
airflow relative to the baseline gas ani shaft fans and 
cores shown in Table T. Note again, that phvsical airflow of 
the shaft system core chan les with BP?, due to changing 
pressure ratio of the fan located in front of it, even when 
CSF (corrected airflow) is held constant. For the gas 
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systein, FSF and CSF ralate fan and corf- corrected airflows 
to S21,1b and 79.17 lb. /sec, respec+ ively , shown for the 
baseline 3FF of >1.02 in Table T. Siailarly, in the 
shaft-driven propulsion system, FSF and CSF relate fan and 
core corrected airflows to 690.69 and U2.83 lb. /sec, 
respectively, which are noted at +-hf baseline nominal BPP of 
12.2. Hence, the nor-basfiinf gas system shown in '^able l at 
a BPF of 12, but with the baseline core size, is defined as 
having a CSF of 1.0 arii a FSF of about 1-50. This implies a 
fan diameter about 22 percent larger than the baseline fan. 

Figure 7 shows the effect of FSF and CSF on TOS for the 
baseline rission and baseline gas-driven aircraft of Table 
VI. The solid-line curves in the figure shew the variation 
of TOS with design BPP of the system at various values of 
CSF. Each combination of CSF and BPF implies a value of FS*^. 
Dashed lines of constant FSF are shown overlaid on each 
figure. The right-hand side of figure 7 shows the maximum 
STO-TOS or the aircraft when taking off with the full design 
internal fuel load of 15000 lb. Ti.e circled point at FSF and 
CSF ot 1.0 and BPP of d.02 has a STO-TOS of 204 minutes and 
corresponds to the maximum Sto-TOS shown in figure 6. The 
left side of figure 7 shows the effect of the same 

propulsion system variables on the VTO-TOS capability where 
in each i:ase the aircraft fuel has been eff- loaded to allow 
VTO with a thrust / weight of I.Oh. The circled point in the 
left-hand part ot figure 7 at a VTO-TOS of 56 minutes with 
CSF=1.0, BPF=d.02, and FSF=1.0 is the same case shown in 
figure 6 for VTO with lb. ot fuel. 

An emtr'jency vertical landing (FVL) limit lir.* is shown 

cutting across the curves in tigiire 7 for STO-TOS and 
VTO-TOS at each BPF. The OEO vertical thrust of the 

gas-driven system was shown in Table VII to iepend on BPF. 

This thrust is also proportional to CSF at each BO'?. The 
emergency landing weight (ELW) of the aircraft is strongly 
affected by +he propulsion system weight which, in turn, is 
a function of CSF and FSF. Hence, for a given aircraft such 
as in figure 7, there is a minimum allowable TSF at each 
for a safe OEO emergency vertical landing with a 

thrust/ weight of 1.03. Tt can be seen in figure 7 that the 
baseline gas aircraft with the baseline propulsion system 
installed is on the EVL limit at a BP’’ of 8. op. There is no 
margin for EVL in this case if unforeseen thrust losses or 
increases in ELW occur. Note that at BPF=6, the minimum CSF 
for EVL is about 1.1, but with a corresponding value of FSF 
of less than 0.9. 

Since STO-ros tends to increase at each BPP as CSF 
decreases, the effect of the EVL limit line sets an upper 
limit on STO-TOS at each BPP. Along each ?:VL limit line, 
changes in BPF produce relatively small changes in TDS for 
both STO and VTO. 
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Figuru 7 also serves to shov the effect of fixing the fan 
size at baseline (FSF=1) while larger core sizes are used 
or, conversely, fixing the core at baseline size (CSF=1) 
while FSF is increase!. Either approach tends <-o increase 
VTO-TdS (while STO-TOS decreases) and provide wider nargins 
in the system tor safe EVL. However, it should be pointed 
out that lower PPP by increasing CSF and holding FSF 
produces more rapid payoff in increased VTO-TOS. 
Furthermore, holding or slightly decreasing FSF avoids 
nacelle size growth and increases the operating fan pressure 
ratio of the propulsion sys'-em in all modes. 

Figure 8 shows both STO-TOS and VTO-TOS for the shaft-driven 
baseline aircraft as BPF, CSF, and FSF are varied. The EVL 
limit lines establishing minimum CSF and maximuni STO-TOS at 
each i3PP are also shown in both parts of figure fl. The 
circled point for the baseline shaft propulsion system at 
BPB=12.2 and CSf=1.0 in both parts of the figure identifies 
the TOS capability of the baseline aircraft. In this case 
the STO-TOS is 220 minutes and the VTO-TOS is 72 minutes, 
corresponding to results jiven for the shaft aircraft in 
figure 6. More that in the shaft system, the baseline 
aircraft and engine combination shows a considerable margin 
from the minimum CSF for the EVL 1 it line at a 3PF of 
12.2. If CSF is held fixe! at 1.0 the shaft system results 
in figure 3 approach the EVL limit at a 3VP near «, where 
FSF has reduced to less than 0.8. Performance of the shaft 
system in figure 8 is generally better than the gas system 
in figure 7 since, for any selected VTO-TOS, the 
corresponding STO-TOS capability of the shaft system is 
greater. Therefore the shaft system is exhibiting better 
cruise and loiter fuel oconomy along with generally greater 
margins for safe EVL. 

Figures 7 and 8 also serve to illustrate that if CSF is 
considered variable, a desired or "design" value of TOS for 
the vertical takeoff mode can be specified at each PFP. The 
relative fan size, FSF, would still depend on the CSF 
required at each BPF to meet the design value of VTO-TO.>. A 
value of VTO-TOS less than that of the FVL limit line could 
be specified at any BPP. However, if the EVL constraint is 
also to be observed, the CSF and also the FSF of the 
propulsion system would then be sized by the EVL criteria of 
thrust/ ELW of 1.C3, disregarding the value of VTO-TOS. 
Hence, at each 3PF, it is possible i-o find the required CSF 
to meet the higher values of specified VTO-TOS, or, to find 
the minimum CSF needed to meet only the EVL requirement. 
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Effect of BPR and Specified VTO-TOS 


Fixing the design value of VTO-TOS oy floating the scale 
size of the propulsion system allows more consistent 
comparisons to be made between different system types and 
different bypass ratios. Fiaure 9 is presented in six parts 
to illustrate the effect of BPR and design VTO-TOS on the 
performance of the gas-driven V/STCL aircraft. Results are 
shown for fixed values of VTO-TOS of 90 and 120 minutes at 
each 3PP. Also included in tne figure are results that would 
apply to minimum size propulsion systems intended to just 
meet the EVL critpria at each BPP. 

The six items shown in figure 9 are the required core and 
fan relative sizes (CSF and FSF) ; the TOS capability of the 
aircraft and TOGW tor 5TO with the full internal fuel load 
of 15000 lb.; the VTO-TIS capability of the minimum CSF 
system designed by the EVL constraint; and the maximum 
operating radius (RMAX) achievable with the aircraft by 
using STO takeoff at full fuel load and maintaining a high 
-altitude cruise at an optimum !1ach number. »1axiraura 
operating radius stresses cruise efficiency at high altitude 
and *lach number of about 0.7, whereas the TOS figure of 
merit gives more importance to fuel efficiency at a 
relatively low altitude of 10000 ft. and a loiter Macli 
number of about 0.4. 

In eacn part of figure 9 a solid symbol has been spotted to 
locate data pertaining to the baseline propulsion system. In 
this case, as mentioned earlier, the baseline gas- driven 
system and baseline aircraft fall on the FVL limit line at 
the baseline BPP of P.02. Note tha'^ CSF and FSF are 1.^ for 
this case, and that 5T0-TJ3 and EMAX are greater than those 
for gas- driven systems with design values of VTO-TOS of 90 
or 120 minutes. 

It can be seen in figure 9 that, at each BPR, designing for 
90 minutes VTO-Tcs calls for larger CSF, FSF, and TOGW than 
the EVL-desiqned system. However, the VTO-TOS of the EVL 
system only exceeds 60 minutes for bypass ratios higher than 
about 9. Furthermore, the 5T0-T0S of the EVL-designed cases 
generally exceed those of the 90 minute designs by less than 
20 minutes and differ in TOGW by less than 1000 lb. Hence, 
minimum sxzing of propulsion systems can toe easily result 
in poor VTO mission performance for only slignt gains in STO 
mission performance. 

The best choice of EFP for STO-TOS or R?1AX appears to fall 
in the range of B to 10 for either fixed VTO-TOS designs or 
for EVL designs. However, a choice of BPP in the 6 to R 
range may be preferable since performance is only slightly 
compromised while avoiding large diameter fans (high FSF) 
and high values of TOGW. As seen in Table II, normal VTO 
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(3 fan-2 core) fan pressure ratio of the gas propulsion 
systeas in the BP*> range of 6 to 8 is also higher (1.? to 
1.3) than for BPR of 10 and 12. Such fan pressure ratios say 
be preferred since operating fan pressure ratios in th“ 
eaetger.cy (3 fan- 1 core) vertical thrust aodes are always 
less than those at nomal VTO, which increases the thrust 
loss stnsitivities of ♦•‘.e propulsion syste* during these 
critical taneuvers. 

Figure 1C is a sir part coaposite illustration of the effect 
of iesigr PPP and d?sign VT0-T05 for the shaft- driven 
propulsion system. As in figure 9 for the gas system, the 
baseline aircraft parameters are used with aspect ratio of f 
and wing area of 300 sg- ft.. Results for RHA<, STO-TOF, 
STO-TOGW, FSf, CPF, and VTO-T^^S for the FVL-designed 

propulsion system arc shown for PFP in the range of p to 

12 . 2 . 

The baseline PPF of the shaft system is 12.2 as noted in 
Table VIT. The data for the baseline PPF and baseline si 2 o 
shaft system are noted in each part of fiiure 10 oy the dark 
solid symbol. ?<ote that the baseline system, at BP^=12.2, 
CSF=1.0, and FSF=1,0 shows a considerable margin in size 
over that of the FVL-designe3 minitur size propulsion 
system. This reflects the fact that the OF a vertical thrust 
of the shaft system is substantially larger than required 
for FVL when the baseline propulsion system is used. At 
BPK=12.2 the EVL minirum system requires core and fan size 
factors of only 0.86 . As ’’PP is reduced along the EVL 
limit line, the require! fan size decreases even further to 
0.76 at BPl=8, while the minimum require! cor? size rises to 
nearly maten that of the baseline system at 1.0 . 

Each aspect of the STO performance of an EVL-designed shaft 
system in figure 10 app»»ara superior to that of the gas 
system in figure 9, mostly due to the lietter fuel efficiency 
of the shaft system and the ability to me^t the EVL criteria 
with a relatively small propulsion system. However, 
normal 3 fan- 2 core VT) thrust of the shaft system is not 
large enough in the EVL- designee system to allow enough 
takeoff fuel load tor good VTl mission performance. At the 
baseline PPF. of 12.2, the maximum vro- ros for the FVL- 
designed system is less than 10 minutes. This VTO- TOP rises 
to 45 minutes as BPR deceases to 8, due to increased VTO 
thrust accompanying the increase! core scale factor. In any 
event, the shaft system results of figure in show the risk 
of poor VTO mission performance when propulsion systems are 
sized for minimum EVL requirements. 

As in the gas system results of figure 9, figure 10 shows 
that considerably larger CSF and FSF than the baseline are 
required for specified v^o- TOS designed systems of 90 and 
120 minutes at the baseline LFP of 12.2 . Also, as with the 
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gas system, changes in STO-TOGW, STO-TOS, and are 
relatively small as BPR is varied at constant VTO-TOS. For 
the shaft system, the best value of BP'’ would seem to be 
about 10 on the basis of STO performance for specified VTO- 
TOS. However, it is possible that 3PP=8 would be perferred 
since FSF would be kept smaller than baseline (0.B5 to 0.90) 
and normal VTO fan pressure ratios are in the neighborhood 
of 1.3 . These advantages are obtained with small 
compromises in STO performance compared to results for 
BPR=10. 

An overall comparison of figures 9 and 10 shows that lower- 
than- baseline bypass ratio versions of either the gas or 
shaft propulsion systams can result in good VTO and STO 
performance by proper matching of the core size to the 
aircraft and mission. Comparison of the RTO- Togw in these 
figures shows that in general, for the same baseline 
aircraft, BPF, design VTO- TOS, and the same 15000 lb. fuel 
load, the shaft- driven aircraft must weigh about 1000 lb. 
more than the gas- driven aircraft. This TOGW difference is 
mostly due to heavier propulsion system weight in the shaft 
system, on the other hand, due to better fuel efficiency, 
under the same conditions the shaft aircraft is capable of 
about 50 n.mi. greater operating radius and about 20 minutes 
greater STO- TOS than a gas aircraft. 


Effect of Wing Parameters 

In figures 6 through 10, the aircraft has been fixed at its 
baseline parameters includina a wing area of 300 sq.ft, and 
aspect ratio of 6. Airframe weights in those figures 
primarily depended on the propulsion system weight which is 
a function of type of system, size factors, and bypass 
ratio. Fixing the aircraft parameters provided a convenient 
method of examining the effects of CSF, BPR, EVL 
constraints, and specified VTO-TOS. 

Based on the results shown in figures 9 and 10, figures 11 
and 12 show the effect of wing area and wing span on both 
the gas- and shaft- driven aircraft for specified VTO- TOS 
designs at a reduced bypass ratio. Aspect ratio could have 
been used in figures 11 and 12 instead of wingspan. Wingspan 
is used since it may be a more important deciding factor in 
aircraft selection. It can affect takeoff clearances and/or 
folded span ^or stowage considerations. 

Figure 11, for the gas aircraft, consists of five parts 
showing the effect of wing area, span, and design VTO- Tos 
on STO values of TOS, TOGW, and PKAX, along with required 
propulsion system size (CSF) and fan size (FSF) at each 
point. In figure 11 the gas system has a nominal BPF of 6, 
so that the FSF is always a fixed fraction of CSF (about 
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0.75) . Results are shown tor two fixed values of specified 
VTO- TOS, 90 and 120 sir. utes. Limits for EVL are not shown 
in figures 11 and 12 because for the stated values of VTO- 
TOS, EVL thrust / weight ratios are above the minimum 
required level of 1.03 . Data for the baseline aircraft are 
noted at a span of 42.4 feet anl a wing area of 300 sq.ft, 
on the 90 minute VTO-l'DS curve of each figure by means of a 
solid symbol. 

As seen in the earlier figures, derignim for a 120 minute 
VTO- TCS requires a larger propulsion system and larger 
TOGW, with slightly reduced STO mission performance when 
compare 1 to the 90 minute TOS. In figure 11, TOS and P?lAX 
results tend to favor aircraft of smaller wing area and, 
hence, higher wing loaling. Performance for the higher wing 
area of 4O0 sq.ft, only excet-ds that of the 300 sq.ft. wing 
at spans well above 50 feet, and in the direction of growing 
TOGW. The effect of wingspan is a general increase in 
STu-TOS or RMAX. The Shape of the curves suggest ODtimum 
values of span for each wing area. But in the present study 
these must be considered as ''theoretical” since thev occur 
at high aspect ratio wh ?re estimated wing weight and 
performance may be unreliable. The advantage of increased 
span on STO- TOS and STI-RIAX are seen in the other parts of 
figure 11. Each curve, however, tends to diminish 
performance gains at higher wingspans due to the persistent 
growth of airframe weight with span as seen in the figure. 
Practical limits or. wingspan will probably limit span 
selection to the lower or mid-range values. 

For each fixed value of VTO-TOS, it can be seen that 
wingspan has little effect on required CSF (and FSF) , and 
that the effect of wing area on engine size is even smaller. 
Since required engine size varies only slightly, once VTO- 
TOS is set, the variations seen in TOGW alono each curve ar» 
principally due to increase i airframe weiiht with increased 
span. On the other hanl, most of the difference in TOGW for 
different VTO- Tor, at the same soan and wing area i.s due to 
the difference of about 0.10 in engine size (CSF). 

The required fan size in figure 11, since BPS is 6, ranges 
between 0.92 gnd 1.03 of the proposed baseline fan size. 
This contrasts with figure 9, where the baseline BPP of 8.02 
needed an FSF of 1.1 to 1.2 for similar mission performance. 
The aiffersnees in FSF tor the two values of BPP represent 
an 8 inch difference in fan diameter with a corresnonding 
reduction in nacelle size. Furthermore, as noted in Table 
II, the normal VTO fan pressure ratio for BPB=R is 1.29, 
whereas for the baseline BP? of 8.02 it is 1.22 . 

Figure 12 presents results for the shaft- driven aircraft 
showing the effect of wing area, wingspan, and design VTO- 
TOS on STO performance and on the required engine size. 
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BAsults are shovn for a shaft system with a reduced BPR of 
8.0 and design VTO- TOS of 90 and 120 minutes. In general, 
the effects seen in figure 12 and the trends in STO- TOS and 
STO- TOGW are similar to those of the gas system shown in 
figure 11. Also, as befor<=*, data points for th9 baseline 
aircraft with winj arsa of 300 sq.ft. and wingsoan of 42.4 
ft. are iuentified in figure 12 with a solid symbol. 

In figure 12, the shaft system with BPR=8 is seen to require 
an F5F between 0.95 ani 0.91, depending on VTO- TOS. This is 
considerably smaller than the baseline fan. Also, comparing 
STO performance and Toow in figure 12 with the baseline 
shaft sytum results in figure 10 shows that the lower BPP 
system gives equivalent performance. 

To summarize figures 11 and 12, it is apparent that longer 
wingspan increases both STO- RMAX and STO- TOS, although 
with a penalty in tho form of increased airframe weight 
which is evident in the increased TOGW. For a given design 
value of VTO- TOS, changes in wingspan or area appear to 
have little effect on the required CSF or FSF. 


Selected Aircraft 

Table VIII summarizes the weight breakdown and performance 
o'; gas- driven anl shaft- driven aircraft with lower- than- 
baseline bypass ratio propulsion systems as discussed in the 
previous section. The aircraft in the table meet a specific 
goal VTO- TOS of 90 minutes on the baseline 150 n.nii. 
mission. Two combinations of wing area and aspect ratio are 
shown for each system to illustrate the effect of wingspan. 
The two aircraft tabulated here have wing areas of 300 and 
350 sq.ft, with aspect ratios of 7 and 8, respectively. The 
winqspans of each are about 46 and 53 feet. The 53 foot span 
cases could have also been based or. results for an aspect 
ratio of 7 and wing area of 400 sq.ft., with slight 
ditferencbs in weight anl performance. Weight items in the 
airframe, propulsion systems, emergency landing weight, and 
STO takeoff cross weight- are presented as in Table VI where 
the bastJine aircraft wore described. however, adiitional 
design and performance data are included at the bottom of 
Table VIII as an aid in comparing the gas anl shaft aircraft 
and to show the effect of increased wingspan for each. 

The relative core sizes for the selected bypass ratio 
systems in Table VIII are those required to meet the 
specified VTO- TOS of 97 minutes in each case. Cores must be 
oversized 12 to 14 percent for the selected shaft system and 
22 to 24 percent tor the gas system. In these cases, 
however, the fan sizes are less than the baseline due to the 
lower bypass ratios. The propulsion system weights show the 
effects of 3PF and CSF, as in figure 5. For the cases in 
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Table VIII, the shaft systea is slightly lighter than its 
baseline system and the gas systee is about 500 lb. heavier 
than its baseline. The wing portion of each aircraft weight 
shows the greatest sensitivity to changing wingspan. 

The last two lines of Table VJII show that, with water 
injection, either systee has an emergency one- engine- out 
thrust / weight capability in excess of the sinisum 
reguiremept of 1.03 . However, as sentionei earlier, only 
the shaft system shows a safe EVL sargin when operating 
’’dry** without water injection thrust augsentation during 
emergency. 


CONCLUDING PEHAPKS 


For the common configuration subsonic V/STOL aircraft of 
this study, the shaft-driven propulsion systems appear to 
result in better overall performance, although at higher 
installed weight, than ti;? gas-driven systems. This brief 
study was made wxth the condition that maximum internal fuel 
load of both the shaft and gas aircraft he equal, '^t is, 
however, possible that a higher design fuel allowance for 
the gas aircraft would result in more equal performance for 
the two systems. Increased design fuel would tend to scale 
up the required weights of the airframe and propulsion 
system in the uas aircraft. Thus, the TOGH of the shaft and 
gas airplanes would also become more equal. 

In any event, results for both syr3tems show that the choice 
of system bypass ratio in the low range may be preferred, 
allowing relatively smaller fans operating at higher fan 
pressure ratio anl, in addition, at little or no loss of 
typical mission performance. Such results are obtained by 
better matching of propulsion system size with the aircraft 
at each bypass ratio. 

For the aircraft, low wing areas (or high wing loadings) 
appear preferable, except for a tendency toward higher- 
areas as span is increased beyond 50 feat. The effect of 
wing span is to generally improve performance as span 
increases. Aircraft weiTht growth mav produce theoretical 
optimums in wingspan at high values of span an TOGW. 
However, limits on wingspan in the raid-range would probably 
be dominated oy practical or pnysical limits on aircraft 
stowage and wing folding considerations. 
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TABLE 1 


Engine Performance on +31 deg 

F Day - 2 

Cores 4 

2 Fans 

No Water 

Injection 




GAS 




SHAFT 


NOMINAL BPR 

6 

8.02 

basel 1 ne 

10 

12 

8 

10 

12.2 

basel tn« 

FAN INLET 








AIRFLOW Ib/sec 

451.41 

600.74 

749.57 

899.18 

498.35 

576.93 

665.58 

RECOVERY 

0.985 

0.985 

0.985 

0.985 

0.992 

0.992 

0.992 

FAN 








Wrfe’/^ lb/ sec 

471.55 

627.75 

783.38 

939.74 

513.02 

598.70 

690.69 

PR 

1.402 

1.307 

1.251 

1.194 

1.419 

1.330 

1.269 

N/Vo' ? relative 

C.859 

0.862 

0.862 

0.863 

0.885 

0.885 

0.885 

96.60 

96,55 

96.56 

96.67 

113.0 

113.0 

113.0 

^ relative angle 

- 

- 

- 

- 

0 

0 

0 

COMPRESSOR 








H 1 b/sec 

79.17 

79.17 

79.17 

79.17 

42.83 

42.83 

42.83 

PR 

16.34 

16.34 

16.34 

16.34 

11.88 

11.88 

11.88 

X _ 

0.838 

0.838 

0.838 

0.838 

0.828 

0.828 

0.828 

N/n» I relative 

99.19 

99.19 

99.19 

99.19 

95.38 

95.38 

95.38 

COMBUSTOR- Exit T,deg R 

2700 

2700 

2700 

2700 

2880 

2880 

2880 

HIGH PRESS. TURBINE 








PR 

4.262 

4.262 

4.262 

4.262 

3.825 

3.710 

3.631 

X 

0.911 

0.911 

0.911 

0.911 

0.879 

0.879 

0.879 

LOW PRESS. TURBINE 








PR 

2.472 

2.577 

2.677 

2.722 

3.741 

3.638 

3.590 

'n. 

0.861 

0. 862 

0.862 

0.861 

0.887 

0.887 

0.887 

BYPASS NOZZLE 








AREA sq.In. 

1550 

2200 

2930 

3810 

1150 

1530 

1990 

Cy 

1.0 

1.0 

1.0 

1.0 

0.951 

0.947 

0.943 

Cy 

0.94 

0.94 

0.94 

0.94 

0.985 

0.984 

0.983 

CORE NOZZLE 








AREA sq.In. 

CS' 

Cv 





550 

0.796 

0.982 

535 

0.829 

0.982 

530 

0.849 

0.982 

THRUST - lb. 

26776 

29678 

32172 

33806 

24716 

25776 

26954 



TABLE M 


Engine Performance oi 

1 +31 deg 

F Day - 2 

Cores & 

3 Fans 

No Water 

Injection 




GAS 




SHAFT 


NOMINAL BPR 

6 

8.02 

basel 1 ne 

10 

12 

8 

10 

12.2 

basel I ne 

FAN INLET 








AIRFLOW lb/ sec 

437.36 

583.65 

728.62 

867.75 

486.27 

566.35 

653.23 

RECOVERY 
FAN ^ 

0.985 

0.985 

C.985 

0.985 

0.992 

0.992 

0.992 

wVs* /i lb/ sec 

457.25 

610.16 

761.76 

906.89 

504.63 

587.73 

677.87 

PR 

1.292 

1.221 

1.179 

1.145 

1.318 

1.252 

1.207 

N/aiS^ % relative 

0.857 

0.857 

0.857 

0.860 

0.881 

0.879 

0.879 

89.53 

89.50 

89.46 

89.56 

100.6 

100.6 

94.4 

^ relative angle 

— 

— 

- 

- 

0.805 

1.17 

4.77 

COMPRESSOR 








/6 1 b/sec 

79.22 

79.22 

79.22 

79.22 

47.24 

46.94 

46.75 

PR 

16.36 

16.36 

16.36 

16.36 

13.54 

13.43 

13.35 


0.838 

0.838 

0.838 

0.838 

0.833 

0.833 

0.833 

N/4V 5 relative 

99.27 

99.27 

99.27 

99.27 

97.62 

97.47 

97.36 

COMBUSTOR- Exit T, deg R 

2700 

2700 

270C 

2700 

3000 

3000 

3000 

HIGH PRESS. TURBINE 








PR 

4.266 

4.266 

4.266 

4.266 

3.821 

3.708 

3.630 

X 

0.911 

0.911 

0.911 

0.911 

0.878 

0.878 

0.879 

LOW PRESS. TURBINE 








PR 

2.840 

2.951 

3.042 

3.122 

3.961 

3.862 

3.822 


0.827 

0.828 

0.829 

0.824 

0.906 

0.906 

0.905 

BYPASS NOZZLE 








AREA sq.ln. 

1685 

2465 

3350 

4310 

1335 

1775 

2290 


1.0 

1.0 

1.0 

1.0 

0.946 

0.942 

0.939 

Cy 

0.94 

0.94 

0.94 

0.94 

0.985 

0.984 

0.983 

CORE NOZZLE 








AREA sq.ln. 

C9 

Cy 





554 

0.836 

0.983 

525 

0.860 

0.983 

530 

0.875 

0.982 

THRUST - lb. 

29976 

33294 

36024 

38277 

32192 

33530 

35142 




TABLE I t I 


Engine Performance or 

1 +31 deg F 

Day - 2 

Cores & 3 

Fans 

V^ITH Water Injection 



GAS 

, 4i Combustor Water 

SHAFT, 

100* Saturation at 
Compressor Face 

NOMINAL BPR 

6 

8.02 

basel 1 ne 

10 

12 

8 

10 

12.2 

basel 1 ne 

FAN INLET 








AIRFLOW Ib/sec 

440.33 

587.65 

732.22 

882.29 

528.09 

597.41 

709.80 

RECOVERY 

0.985 

0.985 

0.985 

0.985 

0.992 

0.992 

0.992 

FAN 








Uje' Ib/sec 

460.15 

614.09 

765.18 

922.09 

548.02 

619.95 

736.53 

PR 

1.327 

1.249 

1.202 

1.161 

1.423 

1.358 

1.271 

3; relative 

0.860 

0.860 

0.860 

0.860 

0.882 

0.883 

0.881 

91.70 

91.68 

91.45 

92.28 

109.5 

109.8 

110.0 

^ relative angle 

— 

- 

- 


4.77 

4.33 

4.91 

COMPRESSOR 








Wi/S’/i lb/ sec 

80.62 

80.62 

80.62 

80.62 

53.45 

53.53 

53.23 

PR 

17.38 

17.38 

17.38 

17.38 

15.95 

15.99 

15.85 


0.825 

0.825 

0.825 

0.825 

0.825 

0.825 

0.827 

N/«/5^ % relative 

101.4 

101.4 

101.4 

101.4 

103.4 

103.6 

103.0 

COMBUSTOR- Exit T, deg R 

2700 

2700 

2700 

2700 

2894 

2938 

2938 

HIGH PRESS. TURBINE 








PR 

4.234 

4.234 

4.234 

4.234 

3.852 

3.739 

3.658 


0.911 

0.911 

0.911 

0.911 

0.880 

0.88C 

0.879 

LOW PRESS. TURBINE 








PR 

2.928 

3.059 

3.161 

3.076 

4 716 

4.651 

4.535 

•n. 

0.825 

0.825 

0.826 

0.822 

0.914 

0.915 

0.915 

BYPASS NOZZLE 








AREA sq. In. 

1615 

2350 

3170 

4370 

124C 

1550 

2150 

Cf 

1.0 

1.0 

1.0 

1.0 

0.952 

0.948 

0.943 

C^ 

0.94 

0.94 

0.94 

0.94 

0.985 

0.984 

0.983 

CORE NOZZLE 








AREA sq.ln. 

Cy 





554 

0.819 

0.983 

525 

0.840 

0.983 

530 

0.862 

0.983 

THRUST - lb. 

32730 

36345 

39369 

41727 

41448 

42176 

43696 



TABLE IV 


Engine Perfornance or 

1 ♦31 deg F 

Day - 1 

Core & 

3 Fans 

No V’later 

Injection 



GAS 

SHAFT 

NOMINAL BPR 

6 

8.02 

10 

12 

8 

10 

12 2 



basel 1 ne 





basel I ne 

FAN INLET 








AIRFLOW Ib/sec 

382.26 

504.74 

632.64 

754.14 

446.80 

519.93 

605.57 

RECOVERY 

0.985 

0.985 

0.985 

0.985 

0.992 

0.992 

0.992 

FAN 








/S lb/ sec 

399.18 

527.31 

660.94 

788.16 

463.63 

539.57 

628.43 

PR 

1.176 

1.135 

1.108 

1.090 

1.183 

1.152 

1.127 

'>1 

0.845 

0.848 

0.846 

0.854 

0.855 

0.858 

0.857 

i relative 

74.58 

74.13 

74.14 

74.83 

87.62 

88.71 

89.33 

^ relative angle 

- 

- 

* 

- 

-1.53 

-1.49 

-1.20 

COMPRESSOR 








lb/ sec 

81.16 

81.16 

81.16 

81.16 

53.56 

53.19 

52.97 

PR 

17.34 

17.34 

17.34 

17.34 

16.16 

15.95 

15.83 

n 

0.808 

0.808 

0.808 

0.808 

0.824 

0.827 

0.829 

N//S^ i relative 

103.3 

103.3 

103.3 

103.3 

103.8 

103.0 

102.5 

COMBUSTOR- Exit T,deg R 

2875 

2875 

2875 

2875 

3190 

3190 

3195 

HIGH PRESS. TURBINE 








PR 

4.267 

4.267 

4.267 

4.267 

3.848 

3.734 

3.656 


0.911 

0.911 

0.911 

0.911 

0.879 

0.879 

0.879 

LOW PRESS. TURBINE 








PR 

3.355 

3.429 

3.497 

3.475 

4.211 

4.158 

4.158 

n. 

0.735 

0.737 

0.742 

0.734 

0.895 

0.897 

0.897 

BYPASS NOZZLE 








AREA sq.ln. 

1837 

2725 

3835 

4370 

1690 

2190 

2830 

Cs 

1.0 

1.0 

1.0 

1.0 

0.938 

0.936 

0.935 

Cv 

0.94 

0.94 

0.94 

0.94 

0.983 

0.983 

0.983 

CORE NOZZLE 








AREA sq. In. 





554 

525 

530 

c* 





0.888 

0.900 

0.908 

Cy 





0.983 

0.983 

0.982 

THRUST - lb. ; 

1 

18309 

20247 

21741 

22962 

22720 

23973 

25388 


TABLE V 


Engine Perfornance on +31 deg F Day - 1 Core & 3 Fans WITH Water Injection 




GAS 

45 Co^nbustor Water 

SHAFT, 

1005 Saturation at 
Cotnpressor Face 


NOMINAL BPR 

6 

8.02 

10 

12 

8 

10 

12.2 




base! Ine 





basel 1 ne 


FAN INLET 









AIRFLOW Ib/sec 

395.97 

522.67 

641.10 

747.05 

421.02 

505.50 

633.40 


RECOVERY 

FAN 

0.985 

0.985 

0.985 

0.985 

0.992 

0.992 

0.992 


wV 0^/4 lb/ sec 

413.95 

546.32 

669.80 

780.75 

437.07 

524.57 

657.30 


PR 

1.191 

1.146 

1.120 

1.101 

1.223 

1.184 

1.133 



0.843 

0.847 

0.852 

0.862 

0.872 

0.868 

0.844 


U/J^ i relative 

77.53 

76.96 

76.08 

76.26 

94.75 

98.44 

109.0 


^ relative angle 

- 

- 

- 

- 

- 5.98 

- 5.88 

- 5.65 


COMPRESSOR 









/S lb/ sec 

81.47 

81.47 

81.47 

81.47 

55.41 

55.81 

55.32 


PR 

18.18 

18.18 

18.18 

18.18 

17.03 

17.21 

16.98 



0. 789 

0.789 

0.789 

0.789 

0.809 

0.807 

0.810 


% relative 

104.9 

104.9 

104.9 

104.9 

108.7 

109.9 

108.5 


COMBUSTOR- Exit T,deg R 

2875 

2875 

2875 

2875 

2987 

3050 

3050 


HIGH PRESS. TURBINE 









PR 

4. 233 

4.233 

4.233 

4.233 

3.854 

3.744 

3.661 


'K 

0.911 

0.911 

0.311 

0.911 

0.881 

0.881 

0.881 


LOW PRESS. TURBINE 









PR 

3.524 

3.606 

3.655 

3.608 

4.495 

4.501 

4.419 


n 

0.737 

0.740 

0.740 

0.732 

0.907 

0.909 

0.914 


BYPASS NOZZLE 









AREA sq.ln. 

1840 

2720 

3655 

4370 

1425 

1910 

2880 


Cs 

1.0 

1.0 

1.0 

1.0 

0.940 

0.938 

0.935 


Cy 

0.94 

0.94 

0.94 

0.94 

0.983 

0.983 

0.983 


CORE NOZZLE 









AREA sq.ln. 





554 

525 

530 


Cf 





0.877 

0.892 

0.908 


Cv 





0.983 

0.983 

0.983 


THRUST - lb. 

19896 

2 20 "6 

23703 

25104 

23416 

25559 

27452 



TABLE VI 


Typical Weight Schedules - Baseline Aircraft and Engines 



Shaft 


Gas 

Propulsion System Nominal BPR 

12.2 


8.02 

Design Internal Fuel - lbs. 

15000 


15000 

Wing Area sq.ft. 

300 


300 

Aspect Ratio 

6.0 


6. 0 

Span ft. 

42.4 


42.4 

Note 

Pi vot 


Over-Wl ng 


Nacel 1 es 


Part. Blended 

Al rframe 

5920 


5650 

Wing 

1670 


1430 

Fusel age & Tal 1 

2700 


2800 

Landl ng Gear 

1000 


970 

Nacel 1 e Rotat 1 on 

350 


- 

Al r 1 nduct Ion 

- 


250 

Installation Penalties 

200 


200 

Propul s 1 on 

9490 


8200 

Nacel 1 es 

1400 


1000 

Gas Generators (cores) 

3000 


1600 

Fans 

1040 


2100 

Nozzles & Thrust Vectoring 

550 


1300 

Valves & Ducting 

- 


1200 

Transmissions & Shafts 

2500 


- 

Controls A Starting 

400 


400 

Fuels & Water Systems 

600 


600 

Other Systems 

7600 


7600 

Control s^electronics/etc. 

1700 


1700 

Avionics 

2700 


2700 

Air Cond. , Ant 1 - 1 ce# etc. 

1700 


1700 

Crew and Survival gear 

1000 


1000 

Trapped 1 IquI ds/ol 1 , etc. 

500 


500 

TOTAL of Al rf rame+Propul slon+ 




Other Systems 

23010 


21450 

Expendable Payload 

3150 


3150 

Unfueled Takeoff Weight (UTOW) 

26160 


24600 

Emergency Landing Fuel & Water 

800 


800 

Emergency Landing Weight (ELW) 

23810 


22250 

TOGW with /-lax. Internal Fuel 

41160 


39600 

Vertical Takeoff Thrust 

35142 


53294 











TABLE VI I 


Vertical Thrust Summaries 


Shaft Systems 


— 


Nominal Bypass 

Ratio 


Condi t Ion 

8 

10 

12.2 






basel I ne 


1 Normal VTO# 3 Fans on 2 Cores 





Dry# No 

Water Injection 

32192 

33530 

35142 


Emergency 

Dry 

22720 

23973 

25388 


Vert 1 cal 

Full Wet 





Thrust 

100§ Saturation at 
Compressor Entrance 

23416 

25559 

27452 


3 Fans 

Wet 





1 Core 

80^5 Saturation at 
Compressor Entrance 

23277 

25242 

27040 


Gas 

Systems 





Nominal Bypass Ratio | 

Condi 1 1 on 

6 

8.02 

10 

12 




basel 1 ne 



1 Normal VTO# 3 Fans on 2 Cores 





Dry, No 

li/ater Injection 

29976 

33294 

36024 

38277 

Emergency 

Dry 

18309 

20247 

21741 

22962 

VertI cal 

Wet 





Thrust 

4-0 Combustor 

19896 

22026 

23073 

25104 


Water 





3 Fans 

Wet 





1 Core 

Combustor 

20689 

22916 

24684 

26175 


Water 








27 
























TABLE VII I 


Weight and Performance Summary - Mission Designed Aircraft 



Shaft 


Gas 

Propulsion System Nominal BPR 

■PCM 

8.0 


■DOB 

6.0 

Design Internal Fuel - lbs. 


15000 



15000 

Wing Area sq.ft. 


350 


300 

350 

Aspect Ratio 


8 


7 

8 

Span ft. 

Hall 

53 


46 

53 

AI rf ramc 

6130 

6780 


5920 

6550 

WI ng 

1860 

2360 


1640 

2120 

Fuselage & Tall 

2640 

2790 


2730 

2880 

Landing Gear 

1030 

1030 


1000 

1000 

Nacelle Rotation 

400 

400 


am 

- 

AI r 1 nduct Ion 

- 

mm 


350 

350 

Installation Penalties 

200 

200 


200 

200 

Propul sl on 

9360 

9460 


8700 

8770 

Nacel les 

1310 

1330 


950 

950 

Gas Generators (cores) 

3250 

3280 


2130 

2160 

Fans 

800 

830 


2000 

2020 

Nozzles & Thrust Vectoring 

450 

470 


1200 

1200 

Valves Sl Ducting 

mm 

- 


1420 

1440 

Transmissions & Shafts 

2550 

2550 


- 

- 

Controls & Starting 

400 

400 


400 

400 

Fuels & Water Systems 

600 

600 


600 

600 

Other Systems 






As In basel 1 ne 

7600 

7600 


7600 

7600 

TOTAL of AI rf r ame+Propul s Ion+ 






Other Systems 

23090 

23840 


22220 

22920 

Expendable Payload 

3150 

3150 


3150 

3150 

Unfueled Takeoff Weight (UT017) 

26240 

26990 


25370 

26070 

Emergency Landing Fuel & Water 

800 

800 


800 

800 

Emergency Landing VJeight (ELW) 

23890 

24640 


23020 

2372C 

TOGW with Max. Internal Fuel 

41240 

41990 


40370 

41070 

Vertical Takeoff Thrust 

36240 

36735 


36750 

37120 

Relative Core Size Factor 

1.126 

1.141 


1.226 

1.238 

Relative Fan Size Factor 

0.842 

0.853 


0.917 

0.926 

VTO Time on Station min. 

90 

90 


90 

90 

(basel 1 ne ml ss 1 on ) 






STO Time on Station rriln. 

219 

236 


189 

202 

( basel 1 ne mi sslon) 






Max. Operating Radius n.mi. 

1130 

1227 


1060 

1150 

Emergency OEO Thrust/ELW ^wet 

1.097 

1.078 


1.102 

1.080 

Emergency OEO Thrust/ELW , dry 

1.071 

1.052 


0.975 

0.956 


28 





















Figure 1. - Aircraft Configuration 




SEGMENT 

(A) TAKEOFF 

(B) CLIMB 

(C) CRUISE OUT 

(D) LOITER 

(E) RETURfl CRUISE 

(F) HOLD 

(G) VERTICAL LANDING 


NOTES 

VTO with thrust/wel Rht >1.08# 2.5 minutes, 
or STO v/I th thrust/weight >0.80# 2.5 minutes 

At 80^ max. power to outbound cruise H and M. 

Best M and M for minimum fuel out. 

H=10000 ft.# 0.3< M < 0.6 # best M for max. TOS. 

Best H and M for minimum return fuel. 

H=5000 ft.# M*0.3 for 5 minutes. 

All missions# 2.5 minutes at full power. 


ALTERNATE MISSION : MAXIMUM OPERATING RADIUS 

Segment (A)# takeoff# Is STO In all cases. 

Segment (D)# low altitude loiter# not In mission. 

Segments (C) and (E)# cruise# use BCAV for maximum radius 
of operation with full Internal fuel load at takeoff. 


Figure 2. - Mission Profile Schematic 





Figure 3. - Lift and Drag of baseline aircraft configuration including external stores, 

Assuned sane for shaft-driven or gas-driven aircraft. Body fineness=6. Wing area»3P0 sq.ft.. 
Aspect ratio=6. Taper ratio=.33. Mean thickness to chord**. 18 











Figure 5. - Total installed propulsion system weFr;ht. Shaft and gas systems 
with 3 fans and 2 cores. 











Ficuro 7. - Gas-driven V/5T0L Aircraft. Effect of relative core size (CSF) and nominal 
bypass ratio on Time on Station (THS) for baseline aircraft and baseline mission. 
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Figure 9. - Gas-driven Systen. Baseline Aircnft, Effect of nominal BPR 
nd Design VTO-TOS of baseline mission on aircraft performance and 
propulsion systen size. 
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Figure 10. - Shaft-driven Systen, Baseline Aircraft. Effect of nominal 
BPR and Desl;^n VTO-TDS of baseline mission on aircraft performance 
and propulsion system size. 
























Figure 12. - Shaft-driven System/ BPR=8.P . Effect of aircraft vdngspan 
and wing area for different Design VTO-TOS on baseline mission. 


